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Abstract—Resonant frequency skin stretch uses cyclic lateral skin stretches matching the skin’s resonant frequency to create
highly noticeable stimuli, signifying a new approach for wearable haptic stimulation. Four experiments were performed to explore
biomechanical and perceptual aspects of resonant frequency skin stretch. In the first experiment, effective skin resonant
frequencies were quantified at the forearm, shank, and foot. In the second experiment, perceived haptic stimuli were characterized
for skin stretch actuations across a spectrum of frequencies. In the third experiment, perceived haptic stimuli were characterized
for different actuator masses. In the fourth experiment, haptic classification ability was determined as subjects differentiated haptic
stimulation cues while sitting, walking, and jogging. Results showed that subjects perceived stimulations at, above, and below the
skin’s resonant frequency differently: stimulations lower than the skin resonant frequency felt like distinct impacts, stimulations at
the skin resonant frequency felt like cyclic skin stretches, and stimulations higher than the skin resonant frequency felt like
standard vibrations. Subjects successfully classified stimulations while sitting, walking, and jogging, perceived haptic stimuli was
affected by actuator mass, and classification accuracy decreased with increasing speed, especially for stimulations at the shank.
This work could facilitate more widespread use of wearable skin stretch. Potential applications include gaming, medical simulation,
and surgical augmentation, and for training to reduce injury risk or improve sports performance.

Index Terms— Tactile Display, Vibration Feedback, Wearable Devices, Haptic Classification

1 INTRODUCTION

KIN stretch is a rich haptic modality that can facilitate

and deepen human-machine interactions. Skin stretch
feedback, also known as skin deformation feedback, has
shown a potential for enhancing virtual reality [1], [2],
compensating for sensory impairments [3], augmenting
myoelectric systems [4], and improving rehabilitation [5].
Skin stretch aids the perception of haptic stimuli as mech-
anoreceptors activate due to texture, friction, slip, and
force sensations [6] including while grasping and manipu-
lating objects [7]. Skin stretch has been used in conjunction
with force feedback to bias stiffness and friction perception
[8], [9]. Because vibration causes desensitization over time
[10], can be uncomfortable [11], and is hard to distinguish
when stimulations are close together in space or time [6],
[12], skin stretch could potentially be used in place of or in
conjunction with vibration for human machine haptic in-
teractions.
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Mechanoreceptors, embedded throughout human
skin, are responsible for sensing skin stretch and other hap-
tic stimuli and relaying this information to the brain [13].
In general, slow adapting mechanoreceptors sustain their
response level throughout the stimulus and are responsi-
ble for the perception of spatial properties, while rapidly
adapting mechanoreceptors exhibit a short, transient re-
sponse at the beginning of stimulation and are responsible
for the perception of temporal properties [14]. Specifically,
Meissner corpuscles respond to lower frequency skin
stretch and vibration, and Ruffini endings sense higher fre-
quency skin stretch and stretch direction [15]. Pacinian cor-
puscles respond to higher frequency vibrations and transi-
ent contacts, and Merkel disks detect pressure and fine de-
tails such as edges and spatial features [16]. The above
characterizations are generally true, but certain skin stim-
ulation frequencies (e.g. between 3-100 Hz) activate multi-
ple types of mechanoreceptors simultaneously [15], [17],
[18] potentially creating rich and complex perceived sensa-
tions.

Haptic perception is in fact largely influenced by the
frequency of skin stimulation. Skin stretch stimulation fre-
quency has a profound effect on the discharge rates of all
types of mechanoreceptors [19], and the speed of skin
stretch thus significantly affects perceived intensity and
magnitude [20]. Stimulation frequencies below approxi-
mately 3 Hz may be perceived as slow kinesthetic motion,
from 10-70 Hz as rough motion or fluttering, and above 100
Hz as smooth vibration [21]. Human perception is also
largely influenced by stimulation frequency in other haptic
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stimulation modalities such as for vibration stimulation
[22] or finger stroke along the skin [23]. The speed of mo-
tion of touch stimulation along the skin significantly affects
the perceived distance travelled [24], and the frequency of
skin taps can profoundly affect perception [25]. Perceived
tactile and haptic illusions often rely on the frequency of
stimulation [26]. While current skin stretch applications
primarily target lower frequencies (i.e. less than 10 Hz) [3],
[13], [27], higher frequency skin stretch stimulation could
evoke additional varied haptic perceptions. In addition, ac-
tivating skin stretch at the skin’s resonant frequency can
provide these higher activation frequencies while at the
same time leveraging the inherent properties of resonant
frequency motion to increase stretch displacement during
stimulation.

In this paper, we introduce resonant frequency skin
stretch as a new approach for haptic stimulation. To ac-
complish this, skin is cyclically stretched at the frequency
matching the skin’s resonant frequency for a given loca-
tion. We first provide relevant background research re-
lated to previous skin stretch approaches and then de-
scribe a custom prototype to implement the resonant fre-
quency skin stretch for wearable applications. We then
present three experiments to explore various aspects of res-
onant frequency skin stretch. In the first experiment, skin
resonant frequencies are quantified at the forearm, shank,
and foot. In the second experiment, perceived haptic stim-
uli is characterized for skin stretch actuations across a spec-
trum of frequencies including at, above, and below skin
resonance. In the third experiment, we determined the
ability of subjects to differentiate haptic stimulation cues at
the skin resonant frequency from other haptic cues while
sitting, walking, and jogging. We conclude by discussing
the results of these experiments and future implications.

2 RELATED SKIN STRETCH RESEARCH

Fingertips are often targeted for skin stretch applica-
tions, likely because of the high density of mechanorecep-
tors [28]. Gleeson et al. [29] showed that subjects could dis-
tinguish four skin stretch directions at the fingertip with as
little as 0.2 mm of tangential displacement and at speeds as
slow as 1 mm/s. Further research resulted in handheld de-
vices that produce lateral thumb and index fingertip skin
stretch for potential gaming applications [30], [31]. Girard
et al. [32] developed a wearable fingertip system to simu-
late 2-degree-of-freedom shear forces at the fingertip to
display virtual surface textures and virtual object inertias
and weights. Users were able to discriminate skin stretch
directions and perceive differing virtual object weights.
This idea was further extended to 3-degree-of-freedom
wearable fingertip devices, e.g. [33], which could poten-
tially function as a surrogate for traditional grounded kin-
esthetic haptic display by displaying mechanical proper-
ties of virtual environments.

Skin stretch has also been used to create haptic sensa-
tions at various other locations across the human body.
Skin stretch on the fingers, hands, and wrist has been
shown to improve driving, rehabilitation, and gaming [20],
[34], [35]. Asymmetric vibrations have also been used to
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Figure 1. Wearable skin stretch (top) 3D schematic and (bottom) physical
prototype attached to the skin via hypoallergenic, double-sided tape. The
overall size is 29 X 16 X 20 mm, and the weight is 18.4g.

produce skin deformation along the fingers and elicit
translational and rotational guidance cueing sensations
[36], [37]. Yem and Kajimoto [38] developed a wearable
tactile device that combines electrical and mechanical stim-
ulation along the fingers to selectively stimulate skin sen-
sory mechanoreceptors and provide tactile feedback of vir-
tual objects. Rotational skin stretch applied to the forearm
can be used to provide proprioceptive feedback for a vir-
tual prosthetic arm [4], and wearable forearm skin stretch
can provide direction cues for navigation [39]. Forearm
skin stretch, when combined with a haptic joystick, can im-
prove motor task performance for the elderly [40]. Finally,
rotational skin stretch applied to the lower back can be a
natural way to train mediolateral trunk sway during gait
[41], and lateral skin stretch applied to the lower leg has
the potential to function as a feedback modality for human
movement training [42].

Skin stretch devices are generally either grounded to
fixed objects or grounded to the human body. For skin
stretch applications in laboratory settings [29], [43], devices
can be grounded to tables, benches or other stationary ob-
jects. In contrast, for wearable implementations, skin
stretch devices are typically grounded to the body by
strapping the device around a limb or the torso [5], [40],
[41], [44], [45]. In our wearable approach, a skin stretch de-
vice is taped to the skin to allow free movement and elicit
natural frequency resonance in the skin during actuation.
We thus focus on a wearable approach, toward enabling
widespread adoption of haptics in portable applications.
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3 WEARABLE SKIN STRETCH PROTOTYPE

We designed a wearable, resonant frequency skin
stretch prototype comprised of a frame, a voice coil motor
(GVCM-016-010-01, Moticont, USA), two silicone pads,
and two bolts (Fig. 1). This voice coil motor was chosen be-
cause of its internal bearings and compact size. The motor
coil is wound around a cylindrical plastic case and fixed to
the frame with the two bolts. The magnet of the voice coil
motor fits in the coil and reciprocates along the shaft be-
tween the two silicone pads with a maximum axial dis-
placement of 2 mm. Double-sided, hypoallergenic tape
was used to attach the device to each skin location. A black
and gray marker was adhered to the device body (Fig. 1)
to visually track device movement during testing. The
magnet acts as the moving proof mass and has a mass of
10 g.

During actuation, device movement is generated by the
kinetic impulse from the magnet which strikes silicone
pads for all actuation frequencies, and the movement fre-
quency is controlled by the interval duration between im-
pulses. Pilot studies indicated that without the silicone
pads, device impulse collisions would be noisy and un-
comfortable for subjects. The system is controlled via an
Arduino Mega microcontroller board, which sends fre-
quency and direction control signals to a voice coil motor
driver (800-01, Moticont, USA). A 7.4V battery was used to
power the motor, and a 62.5 kHz PWM cyclic square wave
with changing signs at a specific frequency with a 43%
duty cycle was used for all haptic experiments as described
in the sections below. The PWM frequency was a standard
value in the controller and the duty cycle was selected as a
minimum duty cycle based on pilot testing such that sub-
jects could easily perceive haptic sensations for stationary
and movement testing. Testing with a high-speed video
camera (Phantom M310, AMETEK, USA) determined that
the maximum voice coil bandwidth was significantly
higher than 50 Hz, which was the maximum actuation fre-
quency for all testing in the haptic experiments described
in the sections below.

4 EXPERIMENT |: SKIN RESONANCE
CHARACTERIZATION

An initial experiment was conducted to determine hu-
man skin resonant frequency with the wearable haptic de-
vice attached at three distinct locations on the body: the
forearm, the back of the shank, and the top of the foot.
These three locations were chosen based on previous re-
search suggesting that the skin receptors at these locations
are typically underutilized during daily, outside-the-lab
activities [5], [42], [46] and thus may be available for haptic
stimulation in practical applications. In this and other fol-
lowing experiments, we also sought to systematically char-
acterize and compare biomechanical and perceptual as-
pects of resonant frequency skin stretch across these three
skin locations.

4.1 Experimental Testing
Ten healthy subjects (ages 21-24, all male) without any

©
Figure 2. Skin resonance experimental setup showing the device at the (a)
left posterior forearm, (b) left posterior shank and (c) left top of foot. A high-
speed camera was used to track device position during testing.

adverse dermatological conditions or known sensory defi-
cits participated in this study, which was performed in ac-
cordance with the Declaration of Helsinki. Skin resonance
was characterized on each subject’s left forearm, shank and
top of the foot (Fig. 2). For forearm skin resonance testing,
subjects placed their forearm on two soft cushions with
their palm facing down, and the device was located on the
posterior surface of the left forearm above extensor digi-
torum tendons, roughly 30 mm from the wrist joint (Fig.
2a). For shank skin resonance testing, subjects laid face
down on a foldout bed, and the device was located on the
posterior surface of left shank above gastrocnemius,
roughly 150 mm below the posterior cruciform ligament
(Fig. 2b). For foot skin resonance testing, subjects sat in a
chair with the foot resting flat on the ground, and the de-
vice was located on the top of the left foot above the second
metatarsal, roughly 20 mm from the base of second toe
(Fig. 2c). For all testing, the device was taped to the skin
via hypoallergenic, double-sided tape.

Based on preliminary device testing to capture the full
range of skin resonant frequencies, a 1-24 Hz square-wave
chirp signal with frequency rising linearly at 2 Hz/s [47]
was used to stimulate skin movement at each skin location.
Subjects rested 15 minutes between each of the three trials
during which time the device was moved to the next skin
location. Device movement was captured by a high-speed
camera (M310, Phantom, USA), at 2000 frames/second,
and an external LED photographic light was used to en-
sure there was sufficient light (Fig. 2).

4.2 Data Analysis
To measure skin motion during skin deformation, the
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Figure 3. Mean measured skin resonant frequency at the forearm, foot, and
shank for all subjects (n = 10). The foot had a higher skin resonant frequency
than the forearm and shank. Error bars are one standard deviation, and (*)
denotes statistically significant differences between locations (p < 0.05).

lateral position of the black and gray junction of the marker
attached to the device body (Fig. 1) was tracked via edge
detection image processing and was assumed to be the
same as the lateral position of the skin directly attached to
the device body. During image processing, noise was first
removed via median filtering by replacing every pixel by
the median value of its 10 row X 2 column neighborhood.
The filtering matrix was shaped as a rectangle because the
black and gray edge is a vertical line. The Canny algorithm
was then used to determine the black and gray edge lateral
position during each frame [48]. In this way, skin position
was tracked throughout the span of the chirp signal during
each trial, and the skin resonant frequency was determined
as the frequency of maximum skin displacement with re-
spect to the starting position. A one-way repeated-
measures ANOVA was performed to determine whether
resonant frequencies were different among skin locations;
in the case of a difference, Tukey’s post hoc analysis was
used to determine differences between the pairs of skin lo-
cations. Data analysis was performed using MATLAB
(MathWorks, Natick, MA, USA), and statistical signifi-
cance was set to the level of p = 0.05.

4.3 Results

Results showed that skin resonant frequencies with the
wearable haptic device were in the range of 10-20 Hz
(Fig. 3). ANOVA results showed that the skin location had
a significant effect on the resonant frequency (F(2, 27) =
11.5, p <0.05), and post hoc testing showed that skin on the
foot had a higher resonant frequency (mean 18.8 Hz) than
skin on the shank (mean 15.8 Hz) or forearm (mean 14.3
Hz) (p<0.05). Figure 4 shows a representative trial depict-
ing the characteristic increase in skin displacement ampli-
tude at the skin resonant frequency.

5 EXPERIMENT ll: PERCEIVED HAPTIC STIMULI —
DIFFERENT SKIN LOCATIONS

Based on results from the initial skin resonance charac-
terization experiment, a second experiment was conducted
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Figure 4. Representative trial for skin resonance characterization testing with
square wave chirp input (top) resulting in resonant frequency output (bottom)
during stationary testing. The testing location was the forearm, and the re-
sulting resonant frequency was 13.5 Hz.

to characterize perceived haptic stimuli of skin stretch ac-
tuation frequencies at, above, and below skin resonant fre-
quencies. Qualitatively, in pilot testing, lower frequency
stimuli felt like distinct impacts, resonant frequency stim-
uli felt like cyclic skin stretches, and higher frequency stim-
uli felt like standard vibrations. Thus, this experiment
sought to quantify the frequency ranges of these perceived
haptic stimuli.

5.1 Experimental Testing

Ten healthy subjects (ages 21-26, all male) without any
adverse dermatological conditions or known sensory defi-
cits participated in this study (eight were the same subjects
as in the skin resonance characterization experiment),
which was performed in accordance with the Declaration
of Helsinki. Each subject performed a set of three sitting
trials while wearing the haptic device (Fig. 1) at the fore-
arm, shank, and foot for a total of nine trials. Subjects wore
headphones and soundproof earplugs to avoid receiving
audio cues, and eye coverings to avoid receiving visual
cues. The haptic device was taped to the skin via
hypoallogenic, double-sided tape.

During each trial, a series of haptic stimuli were pre-
sented to the subject at frequencies of 2, 4, 6, ..., 50 Hz fol-
lowing the same waveform as in Experiment I. Haptic
stimuli at each frequency were presented twice for a total
of 50 stimuli for each trial. Each haptic stimulus lasted 0.5
sec and was presented in random order every 2 to 6 sec-
onds. Subjects were not explicitly trained how to map ex-
ample stimulations to specific sensations (distinct impact,
cyclic, skin stretch, or standard vibration). Rather, subjects
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Figure 5. Perceived haptic stimuli testing results for stimuli characterized as
distinct impact, cyclic skin stretch, and standard vibration across a spectrum
of frequencies on the forearm, foot, and shank.

were instructed to verbally report after each stimulus dur-
ing testing whether it felt like a distinct impact, cyclic skin
stretch, or standard vibration, and answers were recorded
by a research staff member.

5.2 Data Analysis

Perceived haptic stimuli were recorded and the propor-
tion of each type of stimulus was computed for all subjects
for forearm, foot, and shank. For each location, the percent-
age of haptic cues perceived as impact, resonant frequency
or vibration were computed across all frequencies from
2-50 Hz.

5.3 Results

In general, haptic stimuli at frequencies below the reso-
nant frequency were perceived as distinct impacts, fre-
quencies at the resonant frequency were perceived as cy-

No Mass Added

20g Mass Added

40g Mass Added

Figure 6. Wearable skin stretch device with (left) no mass added, (middle)
20g mass added, and (right) 40g mass added.

clic skin stretches, and frequencies above the resonant fre-
quency were perceived as standard vibrations (Fig. 5).
Across all skin locations, the majority of haptic stimuli
were perceived as distinct impacts for actuation frequen-
cies of 8 Hz or lower. Similarly, the majority of haptic stim-
uli were perceived as standard vibrations at frequencies of
28 Hz or higher.

6 EXPERIMENT lll: PERCEIVED HAPTIC STIMULI —
DIFFERENT ACTUATOR MASSES

A third experiment was performed to explore the influ-
ence of actuator mass on perceived haptic stimuli. In par-
ticular, we sought to determine how increasing actuator
mass changes perceived cyclic skin stretch.

6.1 Experimental Testing

Ten healthy subjects (ages 21-26, all male) without any
adverse dermatological conditions or known sensory defi-
cits participated in this study (same subjects as in the skin
resonance characterization experiment), which was per-
formed in accordance with the Declaration of Helsinki.
Each subject performed a set of three sitting trials while
wearing the haptic device with different masses at the fore-
arm.

Subjects performed testing wearing the wearable skin
stretch device on the forearm (Fig. 1a) under 3 conditions:
1) no mass added, 2) 20g mass added, and 3) 40g mass
added (Fig. 6). Subjects wore headphones and soundproof
earplugs to avoid receiving audio cues, and eye coverings
to avoid receiving visual cues. The haptic device was taped
to the skin via hypoallergenic, double-sided tape.

During each trial (1 trial for each of the 3 conditions), a
series of haptic stimuli were presented to the subject at fre-
quencies of 2, 4, 6, ..., 40 Hz. Haptic stimuli at each fre-
quency were presented twice for a total of 40 stimuli for
each trial. Each haptic stimulus lasted 0.5 sec and was pre-
sented in random order every 2 to 6 seconds. Subjects were
not explicitly trained how to map example stimulations to
specific sensations (distinct impact, cyclic skin stretch, or
standard vibration). Rather, subjects were instructed to
verbally report after each stimulus during testing whether
it felt like a distinct impact, cyclic skin stretch, or standard
vibration, and answers were recorded by a research staff
member.

6.2 Data Analysis

Perceived haptic stimuli were recorded and the pro-
portion of haptic stimuli perceived as cyclic skin stretches
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Figure 7. Perceived cyclic skin stretch for no mass added, 20g mass added,
and 40g mass added testing conditions.

was computed for all subjects across all frequencies. For
each trial, all the percentages were smoothed via a 5-sam-
ple moving average filter and scaled by the maximum per-
centage value. Skin resonant frequencies for each condi-
tion were measured using the same methods described in
Experiment I.

6.3 Results

In general, as device mass increased, the frequency
range of the perceived cyclic skin stretch decreased (Fig. 7).
Similarly, peak perceived cyclic skin stretch frequency was
highest for the no mass condition and lowest for the largest
(40g) mass added condition. Skin resonant frequencies
mean (standard deviation) for the no mass added, 20g
mass added and 40g mass added conditions were 14.3
(1.9), 11.8 (1.1), and 8.8 (0.9) Hz, respectively.

7 EXPERIMENT IV: HAPTIC CLASSIFICATION

Based on results from the two perceived haptic stimuli
experiments, a fourth experiment was performed to deter-
mine whether subjects could differentiate distinct impact
(4 Hz), cyclic skin stretch, and standard vibration (30 Hz)
haptic cues while sitting, walking, and jogging.

7.1 Experimental Testing

Ten healthy subjects (ages 21-26, all male) without any
adverse dermatological conditions or known sensory defi-
cits participated in this study (same subjects as in the per-
ceived haptic stimuli - different skin locations experiment),
which was performed in accordance with the Declaration
of Helsinki. Each subject performed one sitting, one walk-
ing, and one jogging trial while wearing the haptic device
described in Section 2 at the forearm, shank, and foot, for a
total of nine trials. The haptic device was taped to the skin
via hypoallergenic, double-sided tape. All walking and
jogging trials were performed on a treadmill (Bertec, Ohio,
USA) at 1.2 m/s and 2.4 m/s, respectively.

During each trial, subjects were presented with a se-
quence of one of three haptic cues: distinct impact (4 Hz),
cyclic skin stretch average resonance frequency for the
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Figure 8. Overall classification results for sitting, walking, and jogging trials.
“Classified Correctly” is the percentage of correctly perceived stimuli from
the presented stimuli; “Misclassified” is the percentage of incorrectly per-
ceived stimuli from the presented stimuli; and “No Perceived Stimulus” is
the percentage of presented stimuli that were not perceived. The three pre-
sented stimuli that participants classified were 4 Hz, a location-dependent
resonant frequency, and 30 Hz. Classified Correctly decreased and Misclas-
sified and No Perceived Stimulus increased as the speed of movement in-
creased.

given skin location from the skin resonance characteriza-
tion experiment, or standard vibration (30 Hz). Haptic cues
lasted 0.5 sec each and were presented in random order
every 2 or 6 seconds. Each of the three haptic cues was pre-
sented five times during each trial. Subjects wore sound-
blocking headphones to prevent potential detection of au-
dio cues from the haptic device. During testing, subjects
verbally reported each time they felt a haptic stimulus and
simultaneously reported the type of stimulus. Verbal an-
swers were recorded by a research staff member.

7.2 Data Analysis

Perceived haptic stimuli measured via subjects’ verbal
responses were compared with the actual presented haptic
stimuli and the percentages of stimuli classified correctly,
misclassified, and not perceived were computed for all
subjects for the sitting, walking, and jogging conditions. In
addition, confusion matrices were compiled for each type
of trial (sitting, walking, jogging) and for each skin stimu-
lus location (forearm, shank, foot).

7.3 Results

In general, the proportion of correctly classified haptic
cues decreased while the proportion of misclassified and
not perceived haptic cues increased with increasing speed
of movement (Fig. 8). For sitting trials, 99% of haptic cues
were correctly classified, only 1% of haptic cues were mis-
classified, and no haptic cues were not perceived. For
walking, 85% of haptic cues were correctly classified, 9%
were misclassified, and 6% were not perceived. And, for
jogging, 72% of haptic cues were correctly classified, 11%
were misclassified, and 17% were not perceived. Overall,
subjects correctly classified 85%, misclassified 7%, and did
not perceive 8% of all haptic cues for all trials.
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TABLE 1
Haptic Classification Confusion Matrices of Distinct Impact, Cyclic Skin Stretch and Standard Vibration
Stimuli Presented on the Forearm, Foot, and Shank.

Perceived Stimulus

Forearm Foot Shank
Crelic Cryelic Cryelic
Distinet  Skin Standard Disfinct  Skin Standard Distinct  Skin Standard
Impact Stretch Vibration Miss [Impact Stretch Vibration Niss [[mpact Stretch Vibrafion DMMiss
Distinct Impact o8 2 0 0 96 4 0 0 94 6 0 0
= |Cyelic Skin Stretch 0 100 0 0 0 100 0 0 0 100 0 0
e Standard Vibration 0 0 100 0 0 0 100 0 0 0 100 0
=
E| |Distinct mpact 9% 4 0 0| 92 4 0 4| 36 10 0 34
% E Cyclic Skin Stretch 0 08 2 90 4 0| 14 68 10
; Standard Vibration 0 2 98 0 100 0 0 26 70 4
U
& Distinct Impact 90 2 0 8 74 2 0 24 10 10 0 80
ZCyelic SkinSwetch | 0 100 0 84 2 6| 18 40 16 26
Standard Vibration 0 2 o8 2 96 2 4 30 58 g

Note: ‘Miss’ means no stimulus was perceived.

Skin location was also a significant factor in subject abil-
ity to perceive and classify haptic cues (Table 1). The fore-
arm and foot had noticeably higher overall correct classifi-
cation rates (97% and 92%, respectively), than the shank
(66%). Similarly, the overall misclassification and not per-
ceived rates were much lower at the forearm (2% and 1%,
respectively) and foot (4% and 4%, respectively) than at the
shank (16% and 18%, respectively).

8 DISCUSSION

This work introduced a new approach to haptic stimula-
tion, resonant frequency skin stretch. This approach lever-
ages the principle of resonant frequency to increase skin
strain during stimulation.

Results from the skin resonance characterization experi-
ment showed that skin on the foot had a significantly
higher resonant frequency than skin on the shank or fore-
arm (Fig. 3). This is likely because, based on mass-spring-
damper modeling, the resonant frequency is inversely pro-
portional to the square root of the moving mass, which in-
cludes device mass and mass of the moving skin, fat and
muscle tissue at the point of haptic application. Muscle and
fat tissue at the shank and forearm is larger than at the foot,
which could account for the difference in resonant fre-
quencies among those locations. In general, though, the
resonant frequencies at the three skin locations were in
roughly the same range (10-20 Hz).

In this study, the resonant frequency at each specific skin
location was used in a haptic classification experiment at
each respective location. It might also be possible to use an
average skin resonant frequency activation across all three
skin locations and get similar results if the activation fre-
quency is close enough to the actual resonant frequency for
each person and each skin location. This concept could also

be potentially expanded and generalized to more skin lo-
cations across the body, though more detailed study is re-
quired. Also, given that skin elasticity and perception de-
crease with age [49], [50] and that we tested young adults,
it is unlikely that resonant frequency findings in this study
would generalize to older adults. Thus, further research
should be performed to either heuristically determine res-
onant frequencies in skin for the presented wearable haptic
device for specific age ranges for older adults, or a robust
model should be developed and verified that accurately
predicts skin resonant frequencies based on age.

It should also be noted that the skin’s resonant frequency
is directly related to the physical properties of the wearable
haptic device used to impart the cyclic skin stretching ac-
tuations. Our study was for one particular implementation
of resonant frequency skin stretch, and thus skin reso-
nances estimated in this paper are specific to that device.
Future work aimed at implementing resonant frequency
skin stretch with other devices would thus result in differ-
ent skin resonances. The weight of the wearable device will
likely be the most important factor, with heavier devices
resulting in lower skin resonant frequency and lighter de-
vices resulting in higher resonant frequency. This is be-
cause, based on mass-spring-damper modeling, the reso-
nant frequency is inversely proportional to the square root
of moving mass of which the device mass would be a major
contributor. The method of grounding the device could
also influence the measured skin resonant frequency. In
this paper, we taped the haptic device to the skin, and thus
it was ungrounded and free to move with the skin.
Grounding the haptic device to the body or fixed objects in
the laboratory would also change the skin’s effective reso-
nant frequency.

Results from the perceived haptic stimuli experiment
demonstrated that perception could be divided into three
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separate frequency ranges: at, above, and below the skin
resonant frequency. Lower frequencies were perceived as
distinct impacts and occurred roughly at or below 8 Hz,
while higher frequencies were perceived as standard vi-
brations and occurred roughly at or above 28 Hz. “Distinct
impacts” were perceived as distinct, likely because the
time interval between impacts was larger at lower frequen-
cies. Cyclic skin stretch feeling" were perceived as cyclic,
likely because subjects felt their skin being stretched back
and forth cyclically. This cyclic feeling was distinctly per-
ceivable likely because the skin resonant frequencies (10-
20 Hz) were not too high and the skin displacement was
relatively large. In contrast with lower and middle (reso-
nant) frequencies, distinct impacts and stretches were
likely less distinguishable for higher frequencies and in-
stead felt more like standard vibration sensations. Per-
ceived direction of distinct impacts was not tested in this
work, though it is likely that if the frequencies were low
enough, users would be able to distinguish direction. This
division of frequencies somewhat follows earlier research
on vibrotactile stimulation showing a division in percep-
tion at about 10 Hz [21]. However, in that testing frequen-
cies between 10-70 Hz were perceived as “flutter” and
above 100 Hz were perceived as “smooth vibration”. In our
study, it is possible the perceived “standard vibrations”
were more similar to “flutter”, and that stimulation at the
resonant frequency created a new type of haptic sensation
not experienced in standard vibrotactile testing. Intermit-
tent contacts during actuation could also further contribute
to the perceived “flutter” sensation. The maximum stimu-
lation frequency in our testing was 50 Hz, so it is also pos-
sible that higher frequency skin stretch testing could feel
more and more “smooth”. A detailed future study directly
comparing perceived haptic stimuli with wearable skin
stretch versus vibrotactile stimulation across a large spec-
trum of actuation frequencies could further illuminate
these differences.

The transition phase from one perceived haptic stimuli
to the next is somewhat gradual rather than sharp and dis-
tinct (Fig. 5). This is expected given that the relatively small
resolution of frequencies (2 Hz) presented across multiple
subjects should show variations. It may also be true that
subjects mentally compare the current haptic skin stretch
stimulation with the previous stimulation when assigning
a perception. Thus, a higher resolution of presented stim-
ulation frequencies and more possible options could create
more opportunities to confuse perception on the current
stimulation by comparing it with the previous stimulation.
For example, if a subject first received a 34 Hz skin stretch
and then a 30 Hz skin stretch, her perception of the 30 Hz
skin stretch might be different than if she first received a
26 Hz skin stretch and then a 30 Hz skin stretch, because of
the relative comparison and because the frequencies are
relatively close. Skin stretch frequencies that are more
widely separated and with fewer options would likely re-
sult in less confusion of perceived haptic stimuli for a given
frequency. And this is in fact what was discovered in the
fourth experiment, where only 3 possible skin stretch fre-
quency stimulations were presented and classification ac-
curacies were quite high for the sitting condition (Table 1).

IEEE TRANSACTIONS ON HAPTICS

In addition, future research could explore the influence of
human movement as an additional factor affecting the
stimulus via a detailed analysis of the voice coil motion
during walking and jogging.

Results from the haptic classification experiment re-
vealed two important factors in classification accuracy:
speed of movement and skin location. Overall, classifica-
tion accuracy decreases from sitting to walking, and then
decreases further from walking to jogging (Fig. 8). Corre-
spondingly, misclassification and no perceived stimulus
rates increase from sitting to walking, and then again from
walking to jogging. These findings corroborate previous
work showing that perceived haptic stimuli accuracy is
lower when subjects walk or jog as compared to stationary
tests [46], [51]. This may be due at least in part to the pres-
ence of skin, muscle, and fat tissue movement artifacts
which occurs during walking, and especially during jog-
ging that could cause extraneous haptic sensations poten-
tially disrupting haptic stimulus perception and identifica-
tion.

A closer look at the classification results shows that hap-
tic skin location may be an even more important factor
than movement speed. While there was an overall trend of
increased movement speed accompanying a decrease in
classification accuracy, this effect was minimal at the fore-
arm, slightly more noticeable at the foot, and most pro-
nounced at the shank (Table 1). For example, the classifica-
tion accuracy at the forearm for sitting (99%) was almost
unchanged for walking (97%) and jogging (96%). In con-
trast, the classification accuracy at the shank, while compa-
rably high for sitting (98%), sharply dropped for walking
(65%) and further sharply dropped again for jogging
(36%). Similar trends were observed for increases in mis-
classification and not perceived stimulus rates based on
skin location for the three movement speeds. This phe-
nomenon may be due to the fact that extraneous haptic
stimulations are more pronounced at the foot and shank
during gait because the impact accelerations are larger
there than at the forearm. The differing densities of mech-
anoreceptors in various skin locations [28] may also play a
significant role in perception and could help explain why
performance was higher in the foot (higher mechanorecep-
tor density) than the shank (lower receptor density), even
though the extraneous stimulation is larger at the foot than
shank during heel strikes. Additionally, it is possible that
the extraneous stimulation from the repeated foot strikes
during gait, which were near 4 Hz, contributed to the
higher rate of “missed” haptic stimulations during walk-
ing and jogging for Distinct Impact stimulations. It is also
possible that alignment of the actuator coil shaft with re-
spect to the direction of impact force between the foot and
ground could play a significant role in haptic perception
and classification, particularly when the device is located
on the shank for jogging applications, and thus future
work should investigate this further. Walking and jogging
could also affect user perception as these higher frequency
movements could cause extraneous haptic stimulations
from secondary device movements particularly during
and immediately after heel strikes when the device is on
the foot or shank. Further research is needed to determine
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any contributions of secondary device movements on user
perception for walking and jogging.

One direct implication of this work is that it could poten-
tially enable widespread application of wearable skin
stretch feedback for virtual and augmented reality. Cur-
rent wearable skin stretch devices typically need to be
“grounded” to the body by either strapping to a limb or
the torso, but this implementation is in general not suitable
for typically virtual and augmented reality applications,
because of excess device bulk, which can quickly cause fa-
tigue and discomfort. In contrast, the presented wearable
skin stretch device should not be strapped to a limb or the
torso, because it needs to move freely to leverage the skin
resonant frequency effect. Rather, it is simply taped di-
rectly to the skin location of interest. This also opens the
possibility to provide wearable skin stretch feedback in
skin locations not accessible by existing devices that re-
quire strapping; for example, the upper shoulder, center of
the upper back, and back of neck are all locations where it
is either not possible or would be uncomfortable to strap a
wearable skin stretch device, but that would be relatively
straight-forward to tape the presented wearable device.
Though it is beyond the scope of this paper to perform and
present a thorough analysis, it is also likely that the size,
weight, cost, and power requirements of the presented
wearable device are also significantly less than existing
wearable skin stretch devices, further improving the po-
tential suitability of widespread implementation.

Non-glabrous skin was the target for resonant frequency
skin stretch in this study, and future work could consider
extending this concept to the glabrous skin of the fingers
and hands. For example, resonant frequency skin stretch
applied laterally at the fingertip or along the skin of the
finger could potentially enable new cutaneous and kines-
thetic stimuli sensations [27]. Also, while in this study res-
onant frequency skin stretch was applied laterally to the
skin, it may be possible to apply the same principle to nor-
mal skin indentation to create similar or related effects.

Haptic illusions could also potentially be created or
strengthened by implementing resonant frequency skin
stretch. For example, asymmetric vibrations have been ap-
plied to the skin of the fingers and hands to create pulling
sensations, giving the illusion of two-dimensional or three-
dimensional forces from ungrounded devices [36], [37]. It
is possible that targeting the skin’s resonant frequency dur-
ing asymmetric stimulation could strengthen this illusion.
Resonant frequency skin stretch could also be explored to
create or enhance a host of other tactile and haptic illusions
involving texture, stiffness, weight, density, shape, size, or
body space [26]. Additionally, while this paper empha-
sized the novelty of resonant frequency skin stretch, it
would also be possible to reframe this work as a study of
three haptic icons: low frequency, middle (resonant) fre-
quency, and high frequency and the ability to distinguish
between them in different testing scenarios.

A limitation of this study is that only three specific
movement speeds (standing, walking at 1.2 m/s, and jog-
ging at 2.4 m/s) were tested at three specific skin locations
(forearm, foot, and shank). Testing more movement speeds

would provide a clearer picture of the relationship be-
tween ambulation speed and perceived haptic stimuli for
the wearable haptic device. Similarly, testing more skin lo-
cations would provide further insights into how general-
izable these findings are across the body.

In conclusion, we presented a novel approach to wear-
able haptic stimulation that targets lateral stretch of the
skin at the skin’s resonant frequency. An initial experiment
showed that skin resonant frequencies at the forearm,
shank, and foot while wearing the device were in the 10-20
Hz range. A follow-up study demonstrated that subjects
perceived stimulations at, above, and below the skin’s res-
onant frequency differently, i.e. lower frequency stimuli
felt like distinct impacts, resonant frequency stimuli felt
like cyclic skin stretches, and high frequency stimuli felt
like standard vibrations. In the final experiment, subjects
were able to use the wearable haptic skin stretch device to
classify haptic stimulations while sitting, walking, and jog-
ging. Classification accuracy decreased with increasing
speed, especially for haptic stimulations at the shank. This
work could serve to facilitate more widespread use of
wearable skin stretch and seems particularly promising as
a haptic feedback modality for virtual and augmented re-
ality, such as for gaming, in medical training simulations
and surgical augmentation, and for training to improve
sports performance or prevent injuries.
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